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MACH NUMBERS FROM 1.35 TO 2.92 

By Vernon Van Hise 

SUMMARY 

An investigation has been made to determine the effect of Reynolds 
number upon two-dimensional base pressure throughout the Reynolds number 
range of wake transition. Base-pressure variation with Reynolds number 
was found to agree qualitatively with the theoretical predictions of 
Crocco and Lees throughout wake transition. Fineness-ratio effects upon 
base pressure were relatively large and agreed qualitatively with theory. 
Model-shape effects upon base pressure became significant for fineness 
ratios of about 3 but were negligible for fineness ratios of about 8. 
The wake-minimum-disturbance length varied greatly with Reynolds number. 
The point of convergence of the shocks originating downstream of the 
wake dead-air region was found to be a good indication of the minimum- 
disturbance length. The tests covered a Reynolds number range of approxi- 
mately 5,000 to 6,000,000 and a Mach number range of 1.95 to 2.92. 

INTRODUCTION 

The problem of predicting two-dimensional base pressure is one of 
prime importance at moderate supersonic speeds in that base pressure can 
produce a large portion of the total drag. Indeed, the problem has 
gained much interest with the advent of the blunt-trailing-edge concept. 
The available experimental data of two-dimensional base pressure for the 
Reynolds number range of wake transition is rather limited to date. About 
the most extensive investigation for the realm of wake transition has been 
given in reference 1. The data of that investigation cover the middle 
Reynolds number range of wake transition, the complete realm of wake 
transition being considered as covering the Reynolds number range over 
which the critical wake region first contains turbulent flow until it 
becomes completely turbulent. 
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Two different analyses of the base-pressure problem have been made. 
The first is the mixing theory of Crocco and Lees (ref. 2) which utilizes 
the momentum-integral method of boundary-layer theory and considers 
mixing between the outer, nearly isentropic stream and the dissipative 
wake region as the fundamental process for determining base pressure. 
The second analysis is presented in references 3 and 4 in which the 
dynamics of the streamline which bounds the circulatory portion of the 
wake is formulated to evaluate base pressure. One of the more inter- 
esting predictions of the theory of Crocco and Lees is the occurrence 
of a maximum in base pressure at a Reynolds number of approximately 50,000. 
This same maximum was examined in reference 5 in which the analysis of 
reference 4 was modified to justify its occurrence. 

The purpose of this paper is to present the results of a wind-tunnel 
study of two-dimensional base pressure throughout the realm of wake tran- 
sition. Some factors to be examined which affect base pressure are model 
shape and model fineness ratio. 
disturbance study along with some schlieren studies. 
at Mach numbers from 1.95 to 2.92 and over a Reynolds number range of 
approximately 5, 000 to 6,000,000. 

Also included in the tests was a wake- 
Tests were conducted 
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SYMBOLS 

b 

C 

cP, b 

model span 

model chord length 

base-pressure coefficient referred to free-stream conditions, 
Pb - 

d 

F 

h 

2 

M 

Mnom 

P 

9 

disturbance-probe height 

model fineness ratio, c 
h 

mode 1- base height 

minimum disturbance length, measured rearward from model base 
in chordwise direction 

free-stream Mach number 

nominal test-section Mach number 

free-stream static pressure 
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base pressure P, 

PS surface pressure 

stagnation pressure in stagnation chamber Pt 

Pt' free-stream stagnation pressure 

free-stream dynamic pressure, Z PM* 
2 9 

r chordwise distance *om model base to convergence point of 
wake trailing shock system (see fig. 1) 

R free-stream Reynolds number based on model chord length 

X chordwise distance from model nose 

Y ratio of specific heats for air, 1.4 

6 model wedge half angle 

APPARATUS 

Wind Tunnel and Auxiliary Equipment 

The Langley 9-inch supersonic tunnel is a continuous-operation, 
closed-circuit type in which the pressure, temperature, and humidity of 
the enclosed air can be regulated. 
vided by interchangeable nozzles which form test sections approximately 
9 inches square. Eleven fine-mesh turbulence-damping screens are 
installed in the relatively large-area settling chamber ahead of the 
supersonic nozzle. The turbulence level of the tunnel, based on the 
turbulence-level measurements presented in reference 6, is considered 
low. 
observations. 

Different test Mach numbers are pro- 

A schlieren optical system is provided for qualitative flow 

The free-stream static pressure p, the model-surface pressure ps, 
and the base pressure 
manometers. These manometers are referred to a vacuum and have a pres- 
sure range from 0 to 130 millimeters of mercury absolute. 
test pressures were measured with a mercury manometer. 

pb were measured with liquid butyl phthalate 

All other 
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Figure 2 presents drawings of the base-pressure test models along 
with a series of disturbance probes. The main variables for the base- 
pressure models of figures 2(a), 2(b), and 2(c) are summarized in 
table I. Model 11 was also used to obtain surface pressure distribu- 
tions. 
adding a straight detachable afterbody to model 2. Model 11 had sur- 
face orifices located at chordwise stations so that, by testing with 
and without the straight afterbody, the upstream influence upon surface 
pressure of the expansion at the base of model 2 could be ascertained. 
Figure 2(d) shows the series of disturbance probes (nos. 1, 2, and 3) 
which were translated fore and aft in the wakes of models 2 and 3 to 
find minimum disturbance lengths 2 above which base pressure is 
unaffected . 

This model was constructed after model 2 had been tested by 

A l l  test models were supported between the tunnel sidewalls which 
3 
4 are & inches apart. The larger models spanned the width of the tunnel 

test section whereas the smaller models were supported in the center of 
the tunnel test section by supports which protruded from the sidewalls. 
Models 2 and 3 had spans of b = 18 inches 
pressure distribution could be obtained by sliding these models through 
the tunnel sidewalls. 
orifices distributed about the base to obtain base-pressure distributions 
in the spanwise and vertical directions on the base. 
plates were included in the tests of models 1, 2, and 6 to ascertain tun- 
nel boundary-layer effects upon base pressure. 
were transmitted to the butyl phthalate manometers by tubing which was 
embedded in a spanwise fashion along the model and its support system 
and thus through the tunnel walls to the manometers. 

so that a spanwise base- 

Models 1, 2, 3, 4, and 6 have their base-pressure 

Boundary-layer end 

All test model pressures 

. 
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The models were constructed of stainless steel. Their leading-edge 
thicknesses were considered to have negligible effect upon model pres- 
sures. The initial finish of the model surfaces was obtained by standard 
machining and polishing procedures, and a more highly finished surface 
was obtained by polishing with metal polish and fine polishing stone. 
(Similar polishing has been found to give a root-mean-square surface 
roughness of about 8 microinches.) Before testing, the models were 
checked for surface smoothness and wiped clean of foreign matter and 
fingerprints. These efforts to make the model as polished and clean 
as possible are essential in obtaining consistent base-pressure data 
inasmuch as transition, the location of which determines base pressure, 
is known to be very sensitive to model surface conditions. 
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For this investigation the wind tunnel was operated at stagnation 
pressures which varied from 5 inches of mercury absolute to 3.5 atmos- 
pheres absolute with stagnation temperatures between 650 F and 120° F. 
Schlieren observations of the flow pattern were made to determine whether 
any disturbances were affecting the region of the model wakes. 
models were maintained as closely as possible at a condition of zero 
pitch and zero yaw. 

The 

Tests were conducted at the nominal test-section Mach numbers 
of 1.95, 2.22, 2.62, and 2.92. At Mach numbers of 1.95 and 2.62, the 
tests were mainly concerned with base-pressure variation with Reynolds 
number f o r  a given body shape. At Mach numbers of 2.22 and 2.92, more 
extensive testing was done and the additional items of model fineness 
ratio and model shape were considered for their effects upon base pres- 
sure. Also considered at these two Mach numbers were Reynolds number 
effects upon surface pressure distribution in conjunction with deter- 
mining the upstream influence of base-pressure phenomena upon surface 
pressure. At a Mach number of 2.92, an extensive examination of the 
wake region was made by means of pressure measurements and schlieren 
observations. (See fig. 1 for test setup.) 

During each test the independent parameter, Reynolds number, was 
varied by regulating the tunnel stagnation pressure, and base-pressure 
data were taken for each model fromthe minimum up to the maximum attain- 
able stagnation pressure. This procedure gave base-pressure readings 
within various Reynolds number ranges, depending on model chord length, 
with enough overlapping of Reynolds number for the various models so 
that scale effects could be ascertained. The overall Reynolds number 
range of approximately 5,000 to 6,000,000 gave base-pressure data 
throughout most, if not all, of the Reynolds number range for which 
wake transition occurs. 

Past investigations in supersonic wind tunnels have shown that the 
scale of the flow (Reynolds number per unit length) may have a signif- 
icant effect upon the Reynolds number at which transition moves onto a 
body. For the wind tunnel used in the present tests, several previous 
investigations (see ref. 7, for example) indicate that this transition 
Reynolds number increases with increasing stagnation pressure by a fac- 
tor of about 2 for the range of stagnation pressures of this investiga- 
tion. No attempt is made in this investigation to evaluate the effect 
that scale of the flow might have upon wake transition and, therefore, 
upon base pressure; however, some effect would be expected. 
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INTERPRETATION AND REDUCTION OF DATA 

Tunnel Mach Number Variation 

Throughout the stagnation-pressure range of the present tests, 
significant variation in test-section Mach number occurred. Both a 
static-pressure survey and pitot-tube survey were obtained at that posi- 
tion along the center line of the wind tunnel where the model bases were 
located. By using the survey data, the test-section Mach number and the 
stagnation-presssure l o s s  occurring between the stagnation chamber and 
the test section were calculated as a function of stagnation-chamber 
pressure. Curves of these variations are shown in figures 3 and 4 for 
the various nominal test-section Mach numbers. 

It is seen that test-section flow conditions vary rapidly below a 
stagnation pressure of about 1/2 atmosphere absolute. 
contributing to this rapid variation in test-section Mach number and 
stagnation-pressure loss are variations in the thickness of the bound- 
ary layer on the wind-tunnel walls, water-vapor condensation in the 
airstream, and low-pressure errors in the pressure measurements them- 
selves. (Ref. 8 presents comparable variations in test-section flow 
conditions due to these factors.) A l l  values of Reynolds number and 
base-pressure coefficient have been computed for the measured test con- 
ditions determined by these surveys. 

Possible factors 

Interference Considerations 

Inasmuch as the spans of the larger models were limited by the 
width of the tunnel, consideration was given to tunnel boundary-layer 
disturbances feeding into the critical-wake region (the region extending 
the distance 2 behind the model base). It should be noted here that, 
with or without end plates, spanwise base-pressure distributions indi- 
cated that the base pressure was two dimensional over at least the cen- 
tral portion of the model span. Boundary-layer end plates used in the 
tests of models 1, 2, and 6 showed that base pressures were disturbance 
free except for model 1 at Mach numbers 2.62 and 2.92, model 1 having 
the largest base height of all the models tested. 
means that the base pressure was essentially the same with or without 
end plates. 
tions of base pressure were observed; these oscillations were relatively 
slight at Mach number 2.62 but were severe at Mach number 2.92. The 
average base-pressure reading obtained with slight oscillations agreed 
with the readings obtained with end plates whereas readings obtained 
with severe oscillations were found to contain considerable disturbance 0 

error. 
size than those checked with end plates and are considered to give 

Disturbance free 

For model 1 without end plates, visible manometer oscilla- 

Except for model 5, the rest of the models were of much smaller 
c 

L 
5 
1 

* 5  
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interference-free two-dimensional base-pressure data. Model 5 was con- 
structed during the test program and had no end plates. However, the 
base-pressure readings of model 5 were observed to be free of violent 
oscillation due to tunnel boundary-layer disturbance, although at Mach 
number 2.92 slight oscillation, heretofore considered insignificant, 
was found. A l l  base-pressure data presented have been judged as two 
dimensional and disturbance free i n  accordance with the previous 
discussion. 

The disturbance probes had spans about l/3 of the base-pressure- 
model span in the wake-study tests. Spanwise base-pressure measure- 
ments showed that the wake flow over almost the complete probe span was 
two dimensional when minimum disturbance lengths were being measured. 
Hence, the disturbance-probe tests were judged as giving two-dimensional 
data. 

Precision of Data 

A l l  models were maintained within f0.25' of zero pitch and yaw. 
Past measurements of the flow angularity in the tunnel test section 
have shown negligible deviations. A l l  pressure measurements were read 
within 20.01 inch of the given manometer fluid, either mercury or butyl 
phthalate. The estimated overall accuracies of the main test variables 
are as follows: 

Mach number, M (at 1 atmosphere stagnation pressure) . . . . . fO.O1 
Reynolds number, R (probable error at R = 1 x lo6) . . . . fO.O1 x lo6 
Base-pressure coefficient, Cp,b . . . . . . . . . . . . . . . kO.002 

RESULTS AND DISCUSSION 

Basic Data 

Figure 5 is a compilation of all base-pressure-coefficient data 
obtained in this investigation. Base-pressure coefficient is presented 
as a function of Reynolds number for the various nominal Mach numbers 
and model shapes. Each data point is based on the true Mach number 
corresponding to the particular stagnation pressure; hence, the data 
points give base-pressure-coefficient curves along which the Mach num- 
ber varies. However, the curves would be negligibly affected by this 
Mach number change except at the lower Reynolds number for each curve 
where Mach number decreases rapidly as the Reynolds number is decreased. 
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The data of f igure 5 a r e  f o r  an angle of a t t a c k  of 0'. However, 
t e s t s  at an angle of a t t a c k  of 7' indicated no change i n  base pressure.  
Also, it  w a s  found tha t  along the height of the  base there w a s  no 
var ia t ion i n  base pressure f o r  angles of a t t a c k  of e i t h e r  Oo or To 
throughout the Reynolds number and Mach number v a r i a t i o n  of the  t e s t s .  
Th i s  i s  as  concluded i n  reference 1, i n  which it was ascer ta ined that  
the two-dimensional supersonic wake i s  i sobar ic  upstream of the  wake 
recompression region. 

Analysis of Models 1 t o  8 

The discussion t o  follow i s  concerned w i t h  transforming t h e  bas ic  
data of f igure  5 i n t o  a form more su i tab le  f o r  ana lys i s .  
shows the base-pressure-coefficient data f o r  models 1 t o  8. The curves 
a r e  tracings of the f a i r e d  curves of f igure  5 ,  only grouped now w i t h  
respect t o  model shape. Figure 6(a) presents models 1 t o  4 which a r e  
a l l  ogives w i t h  a fineness r a t i o  of 3. Figure 6(b) presents  models 5 
t o  8 which have a fineness r a t i o  of 8 but which have d i f f e r e n t  shaped 
cross sections (wedge and ogival)  as shown i n  f igure  2 ( b ) .  
curves of f igure  6 s t i l l  contain varying Mach number e f fec ts ;  however, 
it might be suspected t h a t  sca le  e f f e c t s  are small enough t o  be neg- 
lec ted  i n  the overa l l  p ic ture .  Figure 6(b) ind ica tes  an expected 
trend, namely tha t  shape loses  i t s  importance i n  a f f e c t i n g  base pres- 
sure when the fineness r a t i o  becomes la rge  enough tha t  free-stream Mach 
number and s t a t i c  pressure a r e  a t ta ined  before the expansion about the  
base. 
r a t i o  of 8. 

Figure 6 

A l l  the  

Hence, models 5 t o  8 a r e  re fer red  t o  only by the i r  fineness 

Figure 7 presents base-pressure-coefficient data i n  cross-plotted 
form w i t h  base-pressure coef f ic ien t  as a function of Mach number a t  
various constant Reynolds numbers. These cross p l o t s  were obtained 
from the curves of f igure 6. By cross p l o t t i n g  i n  t h i s  fashion tunnel 
Mach number var ia t ions no longer present a problem. For instance f ig-  
ure 7(a)  w i t h  shows vividly how the  difference i n  base- 
pressure coef f ic ien t  f o r  d i f f e r e n t  models a t  the same Reynolds number, 
obtained i n  the  or ig ina l  data,  i s  la rge ly  due t o  tunnel Mach number 
variation. 
coeff ic ient  points  of about *0.004 from the  f a i r e d  curves while those 
of figure 7(b)  have deviations of about k0.006. These deviations a r e  
grea te r  than t h e  maximum probable e r r o r  i n  measured base-pressure 
coefficient and can be a t t r i b u t e d  f o r  the most p a r t  t o  sca le  e f f e c t s  
and, i n  the case of f igure  7(b) ,  a l s o  t o  model shape. 
deviations are r e l a t i v e l y  s l i g h t  so tha t  sca le  and model shape e f f e c t s  
can be neglected i n  the  analysis  of models 1 t o  8. 

R = 250,000 

The curves of f igure  7(a) have deviations i n  base-pressure- 

However, the  

From the constant Reynolds number curves of figure 7, f i n a l  p l o t s  
of base-pressure var ia t ion  were constructed. These a r e  shown i n  
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figure 8 in which base-pressure coefficient is plotted as a function of 
Reynolds number with the values of the nominal test-section Mach numbers 
as parameters. It can be seen from this figure that as the degree of 
turbulence in the wake lessens (proceeding from high to low Reynolds 
number) the degree of variation of base-pressure coefficient with.Mach 
number also lessens. 
of revolution with a fineness ratio of 8 (ref. 9); in fact, the base- 
pressure coefficient was almost invariant with Mach number in the 
Reynolds number region of about 50,000 (the region in which the criti- 
cal wake region is almost completely laminar). 
refers to that portion of the wake extending rearward from the base to 
the station downstream of which disturbances do not affect base pres- 
sure. (This is in accordance with the theory of Crocco and Lees in 
ref. 2. ) These curves of figure 8 give a Reynolds number coverage of 
wake transition as the critical wake region progresses from an almost, 
if not entirely, laminar flow to a completely turbulent flow at Mach 
numbers from 1.95 to 2.92. 

This is as occurred for the case of the body 

Critical wake region 

Figures 9 and 10 present the curves of figure 8 in combined form 
so that fineness-ratio effects upon base-pressure coefficient and base- 
pressure ratio pb/p can be ascertained. Consider the base-pressure 
ratio curves of figure 10 for Reynolds numbers of wake transition, that 
is, for Reynolds numbers less than the Reynolds number of minimum base 
pressure. It is seen that increasing the fineness ratio for a given 
Reynolds number and Mach number increases base pressure. Since model- 
shape effects are comparatively small, most of this increase in base 
pressure can be attributed to a decrease in base height. When transi- 
sition is located within the critical wake region, a decrease in base 
height causes a greater portion of this region to become laminar; hence, 
base pressure increases with increasing fineness ratio (theory of Crocco 
and Lees). 

According to the theory of Crocco and Lees, the decrease in base 
pressure with decreasing Reynolds number for the region to the left of 
the base-pressure maximums (fig. 10) is due to an increasing laminar 
mixing rate. This concept makes it possible for base pressure to 
decrease with increasing fineness ratio for low Reynolds numbers. Fig- 
ure 10 indicates that the F = 8 curves m y  fall below the F = 3 
curves at some Reynolds number below 20,000. 

Figure 11 gives a comparison of the base-pressure variation with 
Reynolds number for two-dimensional flow (present investigation) as 
opposed to axisymmetric flow (ref. 9) for the conditions of identical 
Mach number, fineness ratio, and wind tunnel. The axisymmetric flow 
gives a higher level of base pressure which is understandable since 
there is a relieving effect in three-dimensional flow which mkes 
expansions and shocks less severe than for the two-dimensional case. 
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The theory of Crocco and Lees evidently gives a qualitative explanation 
of what occurs in both the axisymmetric- and two-dimensional-base prob- 
lems although it was derived only for the two-dimensional problem. 

Some main predictions of this theory were that a maximum in base 
pressure existed when the critical-wake region was almost completely 
laminar and that a minimum in base pressure existed when the critical 
wake region became completely turbulent, both predictions being exem- 
plified in figures 10 and 11. An analysis of the supersonic wake in 
the Reynolds number region of maximum base pressure is given in ref- 
erence 5 in which the theory of reference 4 was modified and the con- 
cept of a maximum in the two-dimensional base-pressure curve was jus- 
tified. 
numbers (around 20,000) indicated a shortening of the dead-air region 
behind the base as Reynolds number decreased; this shortening corre- 
sponds to the measured decrease in base pressure, 

During the present investigation shadowgraphs at low Reynolds L 
5 
1 
5 

Some Additional Shape Comparisons 

Figure 12 presents the base-pressure data of model 11 (F = 6) in 
I 

addition to portions of the curves of figure 10 (F = 3 
F = 8) fo r  the Mach nunibers 2.22 and 2.92. It must be remembered that 
F = 6 curves have a slightly varying Mach number. However, the basic 
trends a r e  still in agreement with previous discussion when it was 
considered plausible that base pressure should Increase with fineness 
ratio for a given Reynolds number and Mach number. 

(ogives) and 

Figure 13 is a reproduction of the basic data of models 9 and 10 
given in figure 5 at the nominal Mach numbers 2.22 and 2.92. 
fairing of the curves has been done with due regard to slightly varying 
Mach numbers and scale effects, and is considered to give a fairly 
accurate representation of the base-pressure variation for this model 
shape (F = 3; wedge, 6 = 30°). 
of base-pressure ratio pb/p 
responding Mach number from figure 10. 
comparison t o  make is between the ogive and wedge shapes with fineness 
ratio 3 .  
wedge with 6 = 30° 
it to a lower Reynolds number. 
change in flow conditions just befofe the base expansion; changing from 
the ogive to this wedge shape has caused a stronger nose shock (indeed 
the shock is detached from the wedge at Mach number 2.22) so that con- 
ditions j u s t  before the base are even further removed from free-stream 
values. Thus if base pressure is based on free-stream Mach number and 
Reynolds number as it is in figure 14, body shape can significantly 
affect base pressure for fineness ratios on the order of 3 for Mach 
numbers of about 3 .  

The 

Figure 14 shows these curves in the form 
and compares them with the curves of cor- 

Probably the most interesting 

Going from an ogive with nose half angle about 20' to a 
has raised the maximum base pressure and shifted 

These effects are attributed to the 

0 

4 
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The determination of how far upstream from the  base the  expansion 
towards base pressure begins i s  depicted i n  f igure  15 f o r  a Reynolds 
number of 3OO,OOO a t  Mach numbers 2.22 and 2.92. D a t a  were obtained 
f o r  Reynolds numbers as low as 100,000 but it w a s  found t o  be essen- 
t i a l l y  the same as t h a t  f o r  3OO,OOO. For these Reynolds numbers and 
Mach numbers the base-pressure r a t i o  b / p  
hence it may be s t a t e d  t h a t  e f fec ts  of the base-pressure phenomena upon 
surface pressure become more prominent as Mach number i s  decreased f o r  
the present range of var iables .  It i s  noted, f o r  instance,  t h a t  f o r  
the las t  surface pressure s ta t ion  i n  the  ogive alone case the flow has 
expanded toward the base pressure more completely a t  Mach number 2.22 
as compared t o  2.92. I n  any case, f igure  15 shows t h a t  base-pressure 
e f f e c t s  upon surface pressure can become s igni f icant  i n  determining 
correct  overa l l  model forces  especially f o r  small fineness r a t i o s .  

i s  always about 0.5 and 

Wake Region Analysis 

According t o  the theory of Crocco and Lees a s ingular i ty  occurs 
i n  the bas ic  d i f f e r e n t i a l  equation which they have derived t o  govern 
two-dimensional supersonic wake flow. This s ingular i ty  ind ica tes  t h a t  
a c r i t i c a l  point  e x i s t s  a t  some point downstream of the  base with the 
c h a r a c t e r i s t i c  t h a t  disturbances introduced i n t o  the  wake a t  pos i t ions  
downstream of t h i s  c r i t i c a l  point are not able  t o  a f f e c t  the  base pres- 
sure .  The region between the  base and the c r i t i c a l  point  i s  re fer red  
t o  as the  c r i t i c a l  wake region. 
e f f e c t s  upon the  extent of t h i s  c r i t i c a l  wake region, a series of 
disturbance-probe t e s t s  were made t o  obtain t h e  minimum disturbance 
length 2 .  Tests were made f o r  the ogive shape with a f ineness  r a t i o  
of 3 a t  t h e  nominal Mach number o f  2.92. 

I n  order t o  determine Reynolds number 

Figure 16 presents  the  var ia t ion of 2/h with Reynolds number and 
contains da ta  obtained with various combinations of t h e  ava i lab le  model 
and probe s i z e s .  It should be noted t h a t  these da ta  were obtained by 
moving the  probes toward the  bases i n  approximately h/2 increments, 
and the  value 2 w a s  considered reached f o r  t h a t  increment previous 
t o  the increment f o r  which a greater than 1-percent var ia t ion  i n  base 
pressure f i rs t  occurred. By considering only the  so l id- l ine  data a t  
present ,  the  model and probe combination w a s  found t o  give an a r ray  of 
data  through which two d i s t i n c t  l i n e s  could be f a i r e d .  
dis t inguished by the parameter d/h, the  r a t i o  of probe height t o  base 
height .  The reason f o r  t h i s  e f fec t  of d/h i s  readi ly  observed i n  t h e  
schl ieren photographs of f igure 16. (The probes have been out l ined and 
cross hatched with white ink.)  For small values of d/h ( f i g .  l7 (a) )  
it i s  seen tha t ,  when r e l a t i v e  scale s i z e  i s  considered, the  probe t i p  

The l i n e s  are 
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has essent ia l ly  an attached shock. However, f o r  la rge  values of d/h 
( f i g .  l7(b)) the  probe-nose shock has been displaced forward on the 
order of 1 base height.  Hence, the la rger  d/h probe w i l l  have a 
la rger  minimum disturbance length when dis tances  a r e  based on the  posi- 
t i o n  of the probe nose t i p  i t s e l f .  

I 

Figure 16 indicates  a marked var ia t ion  of 2/h with Reynolds num- 
Even though a maximum i n  base pressure has occurred a t  a Reynolds 

i s  s t i l l  increasing with decreasing Reynolds number below 100,000. 

It w a s  theorized ( ref .  10) t h a t ,  as Reynolds number i s  

ber .  
number of about 100,000 (see  curve i n  f i g .  10 f o r  M = 2.92), 
2/h 
I n  reference 10, t h i s  same var ia t ion  w a s  found t o  occur f o r  bodies of 
revolution. 
decreased, a maximum value of 2 would occur when the  c r i t i c a l  wake 
region becomes completely laminar ( t r a n s i t i o n  starts t o  move downstream 
of the c r i t i c a l  p o i n t ) .  This concept gives log ic  t o  why Z/h i s  s t i l l  
increasing with decreasing Reynolds number even though a maximum i n  
base pressure has already occurred, since the theory of Crocco and Lees 
indicates  t h a t  the c r i t i c a l  wake region contains a port ion of turbulent  
flow a t  the point of maximum base pressure.  

F = 3 ,  

Figure 18 presents a group of wake-study schl ieren photographs. 
Model 4 was wire supported during the v isua l  t e s t s ,  s ince t h i s  made the  
complete model v i s i b l e  through the tes t - sec t ion  windows ( t h e  wire sup- 
por t  i s  visible i n  f ront  of the  model which has been sketched with 
white ink) .  
t h a t  the  distance behind the  base of the shock system's point  of con- 
vergence ( t h i s  distance denoted a6 
The posit ion of r / h  
A guide l ine  has been drawn i n  ink  p a r a l l e l  t o  the  port ion of t r a i l i n g  
shock downstream of r so  tha t  it may be seen more e a s i l y  how r, taken 
t o  be the point at which the  t r a i l i n g  shock has become e s s e n t i a l l y  
s t r a i g h t ,  has been located. These values of r form the  dashed curve 
of f igure 16. Inasmuch as t h i s  curve agrees wel l  with the 2/h curves 
of the  disturbance probe tests, it might be concluded t h a t  a t  a Reynolds 
number of 20,000 the  minimum disturbance length i s  s t i l l  increasing with 
decreasing Reynolds number. That r i s  a good indicat ion of the value 
of 2 i s  not j u s t  pecul iar  t o  a Mach number of 2.92. A check of the  
schl ieren photographs i n  reference 11 found t h i s  t o  be t r u e  a t  Mach 
number 2.41 f o r  Reynolds numbers of 50,000 and grea te r .  

An examination of the wake t r a i l i n g  shock system showed 

r )  w a s  very nearly equal t o  2 .  
f o r  several  Reynolds numbers i s  shown i n  f igure  18. 

CONCLUSIONS 

An investigation has been made t o  determine the e f f e c t s  of Reynolds s 

number upon two-dimensional base pressure throughout the  realm of wake 
t rans i t ion .  The Mach number var ied from 1.95 t o  2.92 and the  Reynolds 
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number range was approximately 5,000 to 6,000,000 based on body chord 
length. The following conclusions were established: 

1. The variation of base pressure with Reynolds number agreed 
qualitatively with the theoretical predictions of Crocco and Lees. In 
particular, the Reynolds number range investigated carried the base 
pressure from a maximum which corresponds to an almost completely lami- 
nar critical wake region to a minimum which corresponds to a completely 
turbulent critical wake region. 

2. Fineness-ratio effects upon base pressure agreed qualitatively 
with theory. 

3. Model shape effects upon base pressure became significant for 
fineness ratios of about 3 but were negligible for fineness ratios of 
about 8. 

4. The wake-disturbance studies showed that minimum disturbance 
length varied greatly with Reynolds number and contained the same char- 
acteristics as occurred for bodies of revolution. 

5. The point of convergence of the shocks originating downstream 
of the wake dead-air region was found to be a good indication of the 
minimum disturbance length. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., August 21, 1959. 
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Figure 

TABLE I 

DESCRIPTION OF EASE-PRESSW MODELS 

~ ~ ~~ ~ 

Cross sect ion 

Ogive 
Ogive 
Ogive 
Ogive 
Wedge 
Ogive 
Wedge 
Wedge 
Wedge 
Wedge 

Ogive p lus  
s t r a i g h t  
sect ion 

Fineness 
r a t i o ,  

F 

Chord 
length, c, 

i n .  

Wedge ha l f -  
angle, 6,  

deg 

3 
3 
3 
3 
8 
8 
8 
8 
3 
3 
6 

3 .6  
1 .o 

.300 

.150 

-50 
-25 
.30 
.051 

6.0 
2.5 

2 .o 

10 

20 
20 
30 
30 

1 
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(a) F = 3 ,  ogives. 

Figure 7.- Variation of base-pressure coefficient with Mach number at 
constant Reynolds numbers. 
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(a) Concluded. 

Figure 7.- Continued. 
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(b) F = 8, assorted shapes. 

Figure 7.- Continued. 
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(b)  Concluded. 

Figure 7.- Concluded. 
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Figure 15.- Effec t  of base-pressure phenomena upon surface pressure 
(R = 300,000, based on chord length of ogive a lone) .  
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(a) E d = 0.09; 2. = 4.6 (probe t i p  3.4h from base) .  
h 

(b)  d = 2; - - - 5.3 (probe t i p  3.3h from base ) .  
h h 

L- 59- 6019 
Figure 17.- Schlierens showing ef fec t  of disturbance probe height  on 2 

(model 2; R = 210,000; Mnom = 2.92).  
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